ADJUSTABLE, RECONFIGURABLE, MULTI-PORT OPTICAL FIBER COUPLER 

BACKGROUND OF THE INVENTION 

1 . The Technical Field 

The present invention is directed to the field of fiber optics. More particularly, the 
present invention is directed to an adjustable multi-port optical fiber coupler. 

2. The Prior Art 

Although four-port fiber optic couplers are known in the art, conventional four- 

!□ port couplers generally are not readily adjustable. The most common way to fabricate a four-port 

O 

|0 fiber optic coupler having ports (or legs) A, B, C and D in commercial practice is to: (1) remove 
a section of the coating fi:om each of two segments of single-mode optical fiber; (2) twist the 

'~ uncoated fiber sections about each other; (3) heat the fiber sections until they soften; and (4) 

□ 

1^: draw the glass structure axially to reduce the overall fiber diameter. When the overall fiber 

O 

it diameter is sufficiently reduced, some portion of the Ught propagating in one fiber couples into 
w= the other fiber. During the drawing process, Ught can be propagated in one of the fibers, and the 
fi-action of light coupled to the other fiber can be monitored to precisely control the process, so 
that couplers with specified coupling performance can be produced. The portions of the first 
fiber adjacent the uncoated section embody legs A and B of the resulting four-port coupler and 
the portions of the second fiber adjacent the uncoated section embody ports C and D. Light can 
be coupled between diagonally opposite legs A and D and/or between diagonally opposite legs B 
and C of the coupler. 
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Heating (or cooling) the foregoing structure to a temperature different from the 
fabrication temperature can change the refractive index of the constituent single mode fibers 
sufficiently to simultaneously adjust the A/D and C/B coupling or effectively turn the device on 
or off, i.e., eliminate any fiber-to-fiber couphng. However, maintaining such a device in either 
the on or off condition, if different from the device fabrication condition, or holding a coupling 
setting different from that occurring at the device fabrication temperature requires continuous 
power to maintain the temperature corresponding to the desired condition and/or the desired 
amount of coupling. Another drawback to this type of coupler is that the A/D and B/C couplings 
are not independently adjustable. 

It would be desirable to provide a multi-port optical fiber coupler that allows 
efficient and independent adjustment of the respective couplings between pairs of diagonally 
adjacent legs and which allows efficient and selective complete decoupling without affecting the 
foregoing adjustments. 

SUMMARY OF THE INVENTION 

The present invention preferably is embodied as a novel four-port fiber optic 
coupler having legs A, B, C and D that can allow independently adjustable coupling between 
diagonally opposite legs, for example, legs A/D and C/B, and that can allow for complete de- 
coupling without affecting the foregoing adjustments. That is, the coupler can be adjusted to 
provide a desired, predetermined amount of coupling between legs A/D and/or C/B. The coupler 
also can be tumed off so that all A/D and C/B coupling is extinguished. The coupler then can be 
turned back on with the original A/D and/or C/B coupling settings intact. 



A coupler according to a preferred embodiment of the present invention includes a 
continuous fiber segment and first and second injector fibers. The continuous fiber segment has 
first and second legs A and B, which embody legs A and B of the coupler. The first and second 
injector fibers embody legs C and D of the coupler. 

The injector fibers can include lenses for focusing light to be injected into the 
continuous fiber segment and to facilitate collecting light to be extracted fi-om the continuous 
fiber segment. The injector fibers preferably are located on a substrate in optical alignment with 
respective portions of the continuous fiber segment. In a preferred embodiment, one or more 
alignment grooves are provided to facilitate this alignment. 

In a preferred embodiment, a first depressor is provided to deflect leg A of the 
continuous fiber segment, thus forming a bend therein, and a second depressor is provided to 
deflect leg B of the continuous fiber segment, thus forming a bend therein. First and second 
injector fibers are positioned to direct light at the respective bends thus formed; preferably, the 
first and second injector fibers are positioned to direct light at the respective transitions fi-om 
straight to curved fiber. The first and second depressors are independently adjustable. That is, 
they can be independently manipulated to independently adjust the curvature of the respective 
bends they impart to legs A and B of the continuous fiber segment. The amount of optical 
coupling between legs A/D and C/B is a fiinction of the curvature of these bends. In this manner, 
the first and second depressors can selectively adjust the coupling between diagonally opposite 
legs of the device. 

An adjustable clamp selectively toggles a portion of the continuous fiber segment 
to selectively extinguish the coupling between the continuous fiber segment and the first and 



second injector fibers. The coupling can be extinguished by moving the continuous fiber 
segment out of optical alignment with the first and second injector fibers and/or by relaxing the 
bends imparted to legs A and B of the continuous fiber segment. The toggling distance can be as 
little as one fiber diameter or less. Preferably, the foregoing portion of the continuous fiber 
segment lies in the alignment groove when in the "on" position. Preferably, the alignment 
groove is sufficiently deep so that the foregoing portion of the continuous fiber segment remains 
at least partially within the groove even when toggled to the "off position. 

Several couplers according to the present invention can be ganged together and 

Q controlled as a unit. That is, the on-off fiinction of several couplers can be tied together, and the 

p. 

\D first and second depressors of the several couplers can be tied together, so that a single on-off 

O 

j«{ control can be used to turn all of the couplers on or off simultaneously, and so that a single pair 
of adjusters can adjust the A/D and C/B couplings of all of the couplers simultaneously. Also, 

\A several such couplers can be ganged together as a unit, but controlled independently. In yet 

O 

another embodiment, the depressor settings and clamp can be fixed so as to yield a four-port 

O 

t ^ coupler having fixed coupling properties. 

In alternate embodiments, a coupler according to the present invention need not 
have four ports. For example, the present invention can be embodied as a three-port coupler 
having legs A, B, and C that can allow adjustable coupling between diagonally opposite legs, for 
example, legs C and B, and that can allow for complete de-coupling without affecting the 
foregoing adjustment. Other alternate embodiments are possible, as well. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 illustrates an adjustable, four-port optical coupler according to a preferred 
embodiment of the present invention; 

Fig. 2A illustrates a first operating mode of an optical coupler according to a 
preferred embodiment of the present invention; 

Fig. 2B illustrates a second operating mode of an optical coupler according to a 
preferred embodiment of the present invention; 

Fig. 2C illustrates a third operating mode of an optical coupler according to a 
preferred embodiment of the present invention; 

Fig. 2D illustrates a fourth operating mode of an optical coupler according to a 
preferred embodiment of the present invention; 

Fig. 3 illustrates, schematically, a four port coupler according to a preferred 
embodiment of the present invention configured to add wavelengths to a WDM system; 

Fig. 4 is an end elevation view of a substrate and depressor according to a 
preferred embodiment of the present invention as shown in Fig. 1; and 

Fig. 5 is a cross-sectional view of a substrate and adjustable clamp according to a 
preferred embodiment of the present invention, taken along line 1-1 as shown in Fig. 1. 

DETAILED DESCRIPTION OF THE DRAWINGS 

The present invention employs the principles of co-pending and commonly 
assigned United States Patent AppUcations Serial No. 09/997,879, entitled "Bend-Type Fiber 
Optic Coupler," filed on November 30, 2001 and Serial No. 10/038,396, entitled "Single Mode 



Light Injector/Extractor for Multiple Optical Fibers " filed on January 2, 2000. The foregoing 
disclosures are incorporated herein by reference. 

In a preferred embodiment, the present invention addresses the problem of 
realizing a reconfigurable, four-port, single mode optical fiber coupler in which the amount of 
coupling between diagonally opposite legs is separately adjustable. The present invention is 
based on an implementation of what is known as the "transition effect." The transition effect 
occurs in an optical fiber at a location of curvature discontinuity, such as a transition firom 
straight fiber to curved fiber. This location is referred to as the transition point. The transition 

h loss is defined as the amount of light that can be injected into or extracted from the fiber at the 

n 

for 

?0 transition point. The transition loss is a fimction of the curvature (or radius) of the bend at the 
j j| transition point. The greater the curvature (or the smaller the bend radius) at the transition point, 
the greater the transition loss. 

O 

U In a preferred embodiment, the present invention stimulates the transition effect in 

=p an optical fiber by holding a portion of the optical fiber in a straight configuration, and laterally 
» J displacing an adjacent portion of the fiber so as to form a bend in the fiber. So configured, the 
optical fiber exhibits the bending characteristics of a cantilever beam. That is, the maximum 
curvature (or minimum bend radius) imparted to the fiber occurs at the transition fi-om straight to 
curved fiber. Further, for a given lateral deflection, the maximum curvature is a fiinction of the 
cantilever length, Le,, the length of the fiber between the straight/curved transition and the point 
of deflection. For a given deflection, as the cantilever length increases, the maximum curvature 
decreases, and vice versa. 
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Fig. 1 illustrates an adjustable four-port fiber optic coupler 10 having ports A, B, 
C and D according to a preferred embodiment of the present invention. The first and second 
ports A and B, respectively, of coupler 10 ate embodied as legs A and B of optical fiber 24. The 
third port C of coupler 10 is embodied as first injector fiber 14, and the fourth port D of coupler 
10 is embodied as second injector fiber 16. Fiber segment 24 and first and second injector fibers 
14 and 16 preferably are embodied as single mode optical fiber. First and second injector fibers 
14 and 16 can include a lens (not shown), as would be known to one skilled to the art, to 
facilitate focusing and collecting light, as will be discussed fiirther below. 

hi the preferred embodiment shown in Fig. 1, first and second injector fibers 14 
and 16 are located a predetermined distance apart in alignment groove 18 of substrate 12 (see 
also Fig. 4). Preferably, substrate 12 and alignment groove 18 are embodied as a commercial 
silicon v-groove chip. In altemate embodiments, substrate 12 can be made of any suitable 
material and alignment groove 18 can be formed therein by any suitable process. Alignment 
groove 12 can be a single, continuous groove, or it can be embodied as two or more distinct co- 
linear grooves. Alignment groove 18 facilitates the optical alignment of various components of 
coupler 10, as will be discussed in greater detail below. In altemate embodiments, other 
alignment means can be used. 

Adjustable clamp 26 can toggle a portion 30 of fiber segment 24 between an "on" 
position wherein portion 30 preferably is located in the portion of alignment groove 18 between 
first and second injector fibers 14 and 16, and an "off position wherein portion 30 is displaced at 
least a small distance fi*om the "on" position, as fiirther discussed below. With the device in the 
on condition, first and second injector fibers 14 and 16 are located in optical alignment with, and 



preferably are directed at, transition points 29 and 33, as will be discussed further below. 
Preferably, adjustable clamp 26 toggles portion 30 of fiber segment 24 in a direction substantially 
perpendicular to substrate 12. Preferably, adjustable clamp 26 is a silicon v-groove chip having a 
positioning groove 27 {see Fig. 5) for facilitating the positioning of portion 30 of fiber segment 
24. Altematively, clamp 26 can be made of other material and need not have a positioning 
groove. 

When portion 30 of fiber segment 24 is in the on position, first depressor 20 
imparts a bend 28 into a portion of leg A of fiber segment 24, and second depressor 22 imparts a 
bend 32 into a portion of leg B of fiber segment 24. Bend 28 includes a point of maximum 
curvature discontinuity at transition point 29, and bend 32 includes a point of maximum 
curvature discontinuity at transition point 33. Transition points 29 and 33 are adjacent adjustable 
clamp 26. 

Both first and second depressors 20 and 22 preferably are adjustable in that each 
can slide towards and away fi-om adjustable clamp 26. Sliding first depressor 20 toward clamp 
26 decreases the cantilever length of leg A of fiber segment 24, thus increasing the curvature 
discontinuity at transition point 29. Conversely, sliding first depressor 20 away fi-om clamp 26 
increases the cantilever length of leg A, thus decreasing the curvature discontinuity at transition 
point 29. Sliding second depressor 22 toward and away from clamp 26 has a similar effect on leg 
B of fiber segment 24 and the curvature discontinuity at transition point 33. 

As indicated above, increasing the curvature discontinuity at the transition point 
stimulates the transition effect and increases the transition loss, while decreasing the curvature 
discontinuity de-stimulates the transition effect and thus decreases the transition loss. In this 



manner, first and second depressors 20 and 22 can independently adjust the amount of coupling 
between diagonally opposite leg pairs A and D and B and C, respectively, from zero percent up 
to a practical maximum. 

Preferably, first and second depressors 20 and 22 are keyed or otherwise operably 
associated with substrate 12, as would be known- to one skilled in the art, so that the depressors 
can be freely adjusted without adversely affecting the optical alignment between injector fibers 
14 and 16 and fiber segment 24. In a preferred embodiment, first and second depressors 20 and 
22 can be silicon v-groove chips having a groove 23 on the bottom face thereof to accommodate 
first and second injector fibers 14 and 16, respectively, and a groove 25 on the upper face thereof 
fiinctioning as a guide for fiber segment 24. See Fig. 4. Alternatively, first and second 
depressors 20 and 22 can be made of other materials, and either or both of grooves 23 and 25 can 
be omitted. 

When switched to the off position, adjustable clamp 26 moves portion 30 of 
optical fiber 24 a predetermined distance from the on position, preferably in a direction away 
from substrate 12. This can extinguish the coupling in at least two ways. First, when in the off 
position, portion 30 of fiber segment can be located out of optical alignment with first injector 
fiber 14 and second injector fiber 16, thus extinguishing the coupling. Second, moving portion 
30 of fiber segment 24 to the off position tends to flatten out the bends imparted to legs A and B 
of fiber segment 24 by first and second depressors 20 and 22, respectively. This effect can 
sufficiently reduce the curvature discontinuity at transition points 29 and 33 so as to destroy the 
transition effect and extinguish the coupling. The toggling distance between the on and off 
positions can be as littie as one fiber diameter or less. Preferably, alignment groove 18 is deep 



enough so that portion 30 of optical fiber 24 remains located at least partially within groove 18 
even when portion 30 of optical fiber 24 is in the off position. 

Because first and second light injectors 14 and 16 are aligned with and pointed at 
each other in the device illustrated in Fig. 1, direct optical coupling between legs C and D could 
occur. Such direct coupling likely would be undesirable and difficult to control. In order to 
reduce such undesired dkect coupling, adjustable clamp 26 must be long enough to assure that 
only a negligible fi-action of the light injected firom leg C couples directly across into leg D. 
Computer modeling suggests the clamp should be at least 6-7 mm long to prevent direct C-to-D 
coupling. Of course, some firaction of the light injected firom leg C into fiber segment 24 can be 
extracted into leg D, if desired, by suitably adjusting depressor 22. 

Optical fiber generally is supplied with a polymer coating 17 protecting the fiber's 
cladding. It is difficult to maintain the desired curvature discontinuity and, thus, the desired 
transition effect in a fiber having such a coating intact within the device because the fiber core 
tends to "creep" within the polymer coating over time. Therefore, it is desirable to remove such 
a coating fi-om the section of optical fiber 24 between its points of contact with first and second 
depressors 20 and 22 and adjustable clamp 26, including portion 30 under adjustable clamp 26. 
The section of optical fiber 24 from which the polymer coating has been removed can be 
recoated with a thin coating (not shown) of a suitable rigid coating material to provide protection 
for the fiber. Preferably, this rigid coating material is a sol-gel which is index matched to the 
fiber cladding, as would be known to one skilled in the art. Because the relative diameters of 
optical fiber 24 and first and second injector fibers 14 and 16 can affect the necessary optical 
alignments, it may be necessary to prepare injector fibers 14 and 16 in the same manner as 
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optical fiber 24 in order to maintain the necessary optical alignment. In addition, a non-rigid 
index matching material may be required in the optical path between the injector fibers and the 
respective transition points to ensure efficient coupling. 

Figs. 2A-2D show schematically four distinct operating modes offered by a 
coupler according to the present invention. In the configuration illustrated in Figure 2A, both the 
A/D coupling and C/B coupling are active, and both are separately adjustable. In this mode, 
adjustable clamp 26 is positioned so that portion 30 of optical fiber 24 is in the on position, i.e., 
positioned in groove 18 and in alignment with first and second injector fibers 14 and 16. First 
and second depressors 20 and 22 are in first and second predetermined positions so as to impart 
first and second predetermined bends in legs A and B of optical fiber 24, thus effecting a 
predetermined amount of coupling between legs A/D and C/B, respectively. 

In the "switched off mode illustrated in Figure 2B, adjustable clamp 26 is 
positioned so that portion 30 of optical fiber 24 is in the off position, i.e., out of optical alignment 
with both of first and second injector fibers 14 and 16 and/or positioned such that the transition 
effect is not stimulated at points 28 and 32 {see also Fig. 1). With clamp 26 so positioned, there 
is no coupling to or fi-om legs C and D, and there is 100% coupling between legs A and B. The 
C/B and A/D couphng settings prior to switch off are retained, such that they are restored when 
the coupler is switched back on. 

Figure 2C shows the configuration where A/D coupling is deactivated and C/B 
coupling is adjustable firom zero to some maximum value. To deactivate the A/D coupling 
independent of the C/D coupling, second depressor 22 is moved sufficiently far fi-om clamp 26 so 
that any bend imparted to leg B of fiber segment 24 is insufficient to stimulate the transition 



effect, thus not permitting any coupling between fiber segment 24 and injector fiber 16 (leg D of 
the device). Figure 2D shows the corresponding situation when C/B coupling is deactivated and 
A/D coupling is adjustable. 

Several four-port couplers according to the present invention can be ganged 
together side by side (not shown). For example, multiple identical couplers can be fabricated on 
a single substrate or holder, such as a sihcon v-groove chip (not shown). In the simplest 
multiple-coupler implementation, a single common actuator would simultaneously switch all the 
couplers from the "switched on" condition illustrated in the Fig. 2A configuration above to the 
"switched off condition illustrated in Fig. 2B. Similarly, a single common adjuster would adjust 
the C/B coupling simultaneously on all the couplers on the substrate, as in Fig. 2C above. 
Likewise for the A/D coupling adjustment of Fig. 2D above. 

A coupler according to the present invention can be a small, self-contained, pre- 
manufactured device in which the coupler legs A, B, C, D are fiber pigtails. Such a device can 
be spliced to other fibers as part of a higher level system. With regard to size, a unit consisting 
of 12 identical, adjustable 4-port couplers could fit within a package approximately 50mm long 
by 12mm wide by 10-1 5mm high. Such a unit would be small enough for installation on a 
standard rack-mount circuit card, and could include a manually operated on/off actuator and 
manually operated coupling adjusters. Li a somewhat larger package, the device could 
incorporate remotely-operable actuators and adjusters. 

Although the present invention has been described above as adjustable and 
switchable, a non-adjustable and non-switchable coupler could be built using many of the 
principles of the present invention. Such a coupler could be of very small physical size. For 
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example, a non-adjustable, non-switchable 12-coupler unit could be about 4-5mm high, 40mm 
long, and 12 mm wide. 

The non-invasive technology employed to realize a coupler according to the 
present invention allows such a coupler to be fabricated or installed on an active, traffic carrying 
fiber, without disrupting the existing traffic. In such an embodiment, fiber segment 24 shown in 
Fig. 1 would represent the traffic fiber. This capability allows, for example, the insertion of 
additional wavelengths onto a wavelength division multiplexed (WDM) system to increase 
capacity, without shutting the system down. For example, traffic fiber 24 could be carrying 
wavelengths in a WDM system, and first injector fiber 14, z.e., leg C of the coupler, could be 
used to insert additional wavelengths into the system. At the same time, second injector fiber 16, 
i.e., leg D, could be used as an extractor fiber to monitor the insertion process for equalizing 
levels, etc. As shown in Figure 3, an optical amplifier 34 could be included on the injection leg 
to permit adjusting the levels of the injected wavelengths to match the pre-existing wavelengths 
on the fiber. The optical amplifier 34 would allow the insertion loss due to the transition bend on 
leg C to be very low (probably <.01 dB). 

hi a similar way, the subject coupler could be applied to a traffic fiber at any 
accessible point along its length (without disrupting traffic) to "drop" a portion of the signal for 
rerouting or system monitoring. 

In a similar application, the device could be applied to an active fiber at any point 
along its length for fiber diagnostic purposes. For example, optical time domain reflectometer 
(OTDR) signals could be inserted through leg C and/or leg D to check the condition of the fiber. 
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In all of these applications, the insertion loss on continuous fiber A/B can be limited to no more 
than a few tenths of a dB, so traffic on the fiber is not adversely affected. 

In alternate embodiments, a coupler according to the present invention need not 
have four ports. For example, the present invention can be embodied as a three-port coupler 
having legs A, B, and C that can allow adjustable coupling between diagonally opposite legs, for 
example, legs C and B, and that can allow for complete de-coupling without affecting the 
foregoing adjustment. Other altemate embodiments are possible, as well. 

The foregoing description is merely illi^trative of a preferred embodiment of the 
present invention. Those skilled in the art will recognize that modifications and variations 
thereto can be implemented without departing fi-om the spirit of the invention, the scope of which 
is limited only by the claims appended hereto. 
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